P
hysicians have traditionally been taught to think of elevated diastolic blood pressure (DBP) as abnormal. Over 4 decades ago, a VA Cooperative Study was published on the utility of treatment in asymptomatic diastolic hypertension. 1 With less than 2 years of follow-up, the randomized trial demonstrated the tremendous value of lowering the pressure of men whose DBP was between 115 and 129 mmHg (1-year risk of death or end-organ damage: 26% control vs. <2% treatment). Subsequent trials demonstrated the smaller benefit of treating milder elevations of DBP.
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Almost 2 decades ago, another trial concluded there was also value in treating elevated systolic blood pressure (SBP). 4 In 2003, the 7th Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (JNC 7) concluded, in fact, that SBP was more important than DBP in persons over 50 years old. 5 JNC 7 went on to define a "normal" blood pressure as a SBP<120 mmHg and a DBP<80. The definition of normal for any parameter of human health has important implications. Those who are not normal are, by implication, abnormal. Whether or not they are treated, simply labeling individuals as abnormal carries potentially important physical and psychological consequences. [6] [7] [8] [9] Furthermore, apparently small numerical alterations to narrow the definition of normal can affect literally millions of people. 10 If this encourages more treatment, it does so in those individuals for whom clinical benefits are least likely to outweigh treatment harms. And if more people are turned into patients, the financial implications can be enormous: hugely positive for those with an interest in larger markets and hugely negative for those with an interest in containing health care expenditures. Consequently, the definition of normal blood pressure must be made with careful attention to the trade-off between the desire to identify those at substantially higher risk than average and the need to avoid overdiagnosis and overtreatment. JNC 8 is expected to be released in Fall 2011. 11 The panel is beginning to consider data now. In this paper we hope to contribute to that process and the public debate by examining two questions: (1) What is the independent contribution of DBP and SBP on mortality? and (2) How would accounting for these relationships in the definition of normal blood pressure affect the number of Americans currently defined as abnormal?
METHODS

Overview and Rationale for Source Data
To address our first question, we sought a nationally representative cohort study combining detailed intake data (including DBP and SBP) with long-term follow-up data on survival.
To minimize the possible confounding effect of hypertension treatment, we were interested in finding the oldest data possible. The first National Health and Nutrition Examination Survey (NHANES I) met these criteria as it enrolled participants in 1971-1976, yet includes approximately 2 decades of follow-up data (via the NHANES I Epidemiologic Followup Study, which continued through 1992). Survival analyses in these data offer not only the opportunity to disentangle the effects of DBP and SBP on mortality, but also an operational definition of normal blood pressure: a range of pressures for which there is no statistically significant increase in long-term mortality risk. We believe that our use of this large, long-term study permits mortality to serve as an unbiased and largely complete estimate of "normality" because if a given DBP or SBP is also associated with major morbidity (e.g., development of new coronary, cerebrovascular or peripheral artery disease events or end-organ damage), a subsequent downstream impact on all-cause mortality should be observed. To address our second question on the number of Americans affected by various definitions of normal required an inference about underlying (or natural) distribution of untreated blood pressures in American adults. Currently, it is not possible to make such an inference given the prevalence of hypertension treatment. We were able to find, however, a nationally representative survey of American's blood pressures: the first National Health Examination Survey (NHES) performed between 1959 and 1962-an era well before the first publications demonstrating the value of treating asymptomatic hypertension. While we acknowledge that the natural distribution may have shifted in the ensuing decades, we believe this serves as the best proxy of the underlying distribution of untreated blood pressure in American adults.
Blood Pressure and Mortality: NHANES I
A total of 14,407 adults age 25-74 completed NHANES I and were included in the NHANES I Epidemiologic Follow-up Study through 1992. Among these adults, 96.2% (n=13,861) had complete vital status data. After excluding an additional 69 adults with missing data on SBP or DBP, we arrived at the final primary analytical cohort of 13,792.
Blood pressure was obtained by a physician at the beginning of the physical examination while the subject was in a sitting position. 12 In addition, nurses obtained two repeated measurements at the end of the examination in a subset of subjects (n= 6,839). The nurse's measurement largely corroborated the physician's (nurse's systolic blood pressures were an average of 1.5 mmHg lower, whereas their diastolic blood pressures were on average 1 mmHg higher). Systolic blood pressure was then categorized into seven levels ranging from <100 to ≥200-with five 20-mmHg increments in between. Diastolic blood pressure was categorized into eight levels ranging from <60 to ≥120-with six 10-mmHg increments in between.
The outcome of interest was the observed all-cause mortality rate for a given blood pressure category relative to that for a socalled "normal" blood pressure: less than 120/80. To avoid the inclusion of abnormally low pressures, our referent category for SBP was 100-119 mmHg, whereas our referent category for DBP was 70-79 mmHg.
We also adjusted for a number of potential confounders. Age was coded as a continuous variable. Smoking was categorized as current, never and former. Weight and height were used to calculate BMI (kg/m 2 ), and BMI was categorized into 11 levels from ≤18 to >34 with eight 2-kg/m 2 increments in between and one level for those with missing weight or height data. Total cholesterol was categorized into 13 levels from <120 to ≥320 with ten 20-mg/dl increments in between and one level for those with missing cholesterol data. Education was categorized into 19 levels for years of education including a level for those missing education data. Income was categorized into 12 levels including a level for those missing income data. Race was categorized as Native American, Asian/Pacific Islander, Black, White or Other.
We estimated the rate of death using Cox regression for systolic or diastolic blood pressure categories both adjusted and unadjusted for each other. Based on the findings of the JNC 7 report, separate analyses were performed in persons above and below age 50. 5 All models were adjusted for age, sex, smoking status, BMI, total cholesterol, education, income and race. An additional sensitivity analysis stratified results by baseline income.
Population Distribution of Blood Pressure: NHES
A total of 7,710 adults were included in the National Health Examination Survey (NHES), 6,672 of whom were examined during the period from October 1959 to December 1962. Data from this cohort was used to estimate the proportion of the population in various blood pressure categories prior to the advent of widespread therapy. We estimated the blood pressure distribution for each of six 10-year age strata (20-29 through 70-79). To incorporate the NHES sampling strategy, the accompanying survey weights were used to estimate these proportions. We then obtained 2008 population estimates from the US Census 13 for each age stratum to estimate the number of Americans currently within each blood pressure category. All analyses were conducted using SAS version 9.1 (SAS Institute Inc., Cary, NC). Table 1 shows the distribution of the 13,792 participants in each age-blood pressure cell. The table also shows the distribution for the 4,572 deaths. The smallest number of deaths among the elevated blood pressure categories was 96 in those over age 50 (DBP≥120) and 19 in those age 50 and younger (SBP≥200).
RESULTS
Persons over Age 50 Figure 1 shows the relative mortality rate associated with various blood pressure categories in those over age 50.
Overall, there appeared to be a J-shaped association, such that the lowest and highest blood pressures were associated with the greatest rates of death. Without adjusting for SBP, the rate of death (relative to a DBP of 70-79) began to increase at a DBP of 90-99 (RR =1.10; 95% CI 1.00-1.21) and subsequently increased in a step-wise fashion: DBP 100-109 (RR=1.24; 95% CI 1.10-1.39), DBP 110-119 (RR= 1.54; 95% CI 1.31-1.82) and DBP≥120 (RR =1.68; 95% CI 1.35-2.09). The relationship between elevated DBP and mortality almost completely disappeared, however, when we adjusted for SBP. While the relationship between DBP and mortality was dramatically dampened by adjusting for SBP, the relationship between SBP and mortality was virtually unaffected by adjusting for DBP. With or without adjustment for DBP, SBPs above 140 were associated with significant increases in mortality.
A secondary analysis examined the question: Among persons over age 50 whose SBP is less than 140, what is the effect of having abnormal diastolic blood pressure (as currently defined)? In this subgroup, there was no significant difference in the relative rate of death in persons with DBP≥80 relative to those with DBP<80 (RR =0.91; 95% CI 0.81-1.02).
Persons Age 50 and Younger Figure 2 shows the mortality risk associated with various blood pressure categories in those age 50 and younger. Note that the y-axis (relative rate of death) scale has changedbecause, in this younger age group, extreme blood pressure elevations have a more dramatic relative effect on a low absolute risk of death. Although adjustment for SBP had some effect on the point estimates for the relative rate of death, it had no effect on the threshold for increased risk. With or without adjustment for SBP, DBPs above 100 were associated with significant increases in mortality.
Adjustment for DBP, however, did influence the assessment of SBP in this younger age group. Without adjusting for DBP, the rate of death increased with increasing levels Table 2 provides estimates of the number of adult Americans affected by various definitions of abnormal blood pressure. Using the current definition of normal blood pressure (less than 120/80) about 60 million are labeled normal and about 160 million are labeled abnormal. Using an operational definition of normal-one that does not confer an increased long-term mortality risk (in these NHANES data)-the situation would be reversed: about 160 million would be labeled normal and about 60 million would be labeled abnormal. In other words, the choice about the approach used to define normal blood pressure could affect about 100 million Americans.
Estimates of the Number Affected by Various Definitions
COMMENT
Our examination of the independent effects of diastolic and systolic blood pressure on mortality confirms a central tenet of the Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation and Treatment of High Blood Pressure (JNC 7): systolic blood pressure elevations are more important than diastolic blood pressure elevations in persons over age 50. In fact, in our data, diastolic blood pressures are largely irrelevant in this age group. The situation was reversed in persons age 50 and younger: in whom diastolic blood pressure was the more important predictor of mortality.
Our analysis was also directed at a broader question that we hope JNC 8 will consider in its ongoing deliberations: What is the impact of various definitions of normal blood pressure? The current definition of normal is less than 120/80. Our analysis offers one possible alternative definition: a blood pressure that does not confer an increased mortality risk in a cohort of over 10,000 individuals followed for nearly 20 years. From our data this would mean that abnormal for individuals over age 50 would be a SBP of ≥140 (independent of DBP), and for individuals less than 50, a DBP≥100 or a SBP≥200. While it should not be viewed as the final word on this topic, we hope it serves as an example of an alternative approach. If nothing else, our findings highlight that the choice about the approach used to define normal blood pressure will impact literally millions of Americans.
Limitations
Our analysis has a number of limitations. The most obvious is that we have no data about treatment. It is possible that subsequent treatment might attenuate the relationship between elevated blood pressure and mortality. Given this concern, we sought the oldest data possible-when blood pressure treatment was less widespread. And within our data there is evidence that suggests treatment explains little of what we observed.
Because patients were enrolled in the early 1970s, any treatment that occurred would have been directed at elevations in diastolic blood pressure. Nevertheless our analysis of the effect of diastolic blood pressure (without adjustment for systolic blood pressure) shows a strong dose-response relationship. Were higher diastolic blood pressures more likely to have been successfully treated, one would have expected this relationship to be much flatter. Furthermore, we performed an additional analysis focusing on the best available proxy for the absence of treatment: that of having little income. When we restricted our analysis to those with family incomes of less than $10,000 per year (approximately $50,000 or less in today's dollars), we identified exactly the same blood pressure categories as being associated with significant increases in mortality. The percentage distribution in the second column does not exactly match the count distribution in the third column as the age structure of the population has changed. The counts in the third column are the sum of counts calculated using the 1959 distribution and 2008 population estimates within 10-year age groups
Our findings do not include reductions in quality of life due to cardiovascular morbidity not directly associated with a decrease in years of life. The exact magnitude or proportion is not well known, nor is the corresponding impact this would have on treatment decision making (i.e., the decision to treat a patient to reduce cardiovascular complications even if there was no reduction in mortality). Practically speaking, however, it is important to point out that all-cause mortality and cardiovascular mortality are highly correlated-a finding confirmed in data from over 300,000 men enrolled in the Multiple Risk Factor Intervention Trial (MRFIT).
14 Furthermore, the largest metaanalysis of 1 million adults from 61 prospective observational studies also found that non-vascular causes of death were positively related to blood pressure. 15 Given that our data are based on exceptionally long-term follow-up, that approximately one-third of individuals died, including almost two-thirds of those over age 50, and the known close association of cardiovascular events with all-cause mortality, we believe that clinically meaningful cardiovascular morbidity (and the corresponding decrement in quality of life) and mortality should have been largely captured in our measurement of all-cause mortality. Furthermore, we believe there is a strong theoretical argument for using all-cause mortality as the primary outcome. First, it is the least ambiguous outcome measure. Because the fact of death can be unambiguously ascertained, it is the outcome least subject to measurement bias. Second, all-cause mortality is the most comprehensive measure of the mortality impact of a condition. Because it is comprehensive, it avoids having to assume no relationship between one form of death and another-and thus avoids the potential problem of either underestimating risk (e.g., failing to recognize that elevated blood pressure might be associated with non-cardiovascular deaths) or overestimating it (e.g., failing to recognize that there might be a trade-off between cardiovascular deaths and noncardiovascular deaths). 16 
Policy Implications
Because they are based on one dataset, our findings by themselves are insufficient to develop policy. We would hope others would reconsider the question of what constitutes normal blood pressure using other datasets. We also recognize that our approach for defining normal adds an additional complexity to the current approach because it is modified by age (SBP less than 140 for those over age 50 and a blood pressure under 200/100 for those age 50 and younger). But even a small simple expansion in the definition of normal-from under 120/80 to under 140/90-would have a tremendous impact: affecting about 80 million Americans.
The current approach to define normal as less than 120/ 80 is presumably based on detectable increases in risk above that level. But there are always bound to be small, detectable effects if we study enough people. And the threshold to label individuals as "abnormal" ought to require more than simply any detectable effect, in any outcome, in any size sample.
The reason is because there are costs associated with labeling people as abnormal. There are human costs: both for the people who have been turned into patients (and who have been informed that they are now more vulnerable to disease) and for the clinicians who are increasingly overwhelmed by the number of diagnoses they face (arguably distracting them from the patients who need them most). There are also the tremendous logistical and financial costs associated with millions of new diagnoses-a cost that may be even larger in this country to the extent it impedes progress toward universal access.
Finally, there is the problem of excessive treatment. Regardless of what is recommended, the tendency of clinicians will increasingly be to treat lower blood pressures to make them "normal." When abnormal is defined to include values in which the risk itself is ambiguous, the ability of treatment to change that risk becomes even less certain. In the absence of randomized trials demonstrating the benefit of intervening in this grey area, we urge caution in suggesting that individuals are abnormal (and, in doing so, inadvertently encouraging more intervention). But the most important concern may be the potential for harm. Careful readers have likely already noted the increased mortality associated with very low blood pressures in those over age 50. Much of this effect undoubtedly reflects individuals with low blood pressure because of underlying cardiovascular disease or poor health status. However, given the recent finding that increased all-cause mortality may be higher with tight blood pressure control in hypertensive patients with diabetes, 17 it may also reflect the risk some individuals may face if they are excessively treated. The finding of increased mortality following intensive glucose lowering 18 is another example that refutes the previously held notion that achieving lower (whether it is glucose levels or blood pressure measurements) will necessarily improve mortality and should, at least, encourage clinicians to consider the possibility that intensive blood pressure lowering may not be helpful or necessary, and in fact could be hazardous for patients in general. The potential harm would seem to be greatest in patients whose baseline blood pressure is near normal. At some point, it becomes incumbent on consensus panels (like JNC 8) to consider these trade-offs in their definition of normal. The fundamental question is how much of an effect is worth worrying the population about and experiencing the associated costs? To do this, they may well need to consider unfamiliar questions, such as: If we cannot reliably see a mortality effect in a large group of individuals followed for nearly 20 years, should we define the condition as abnormal? We believe considering this kind of approach represents a critical step in ensuring that diagnoses are given only to those with a meaningful elevation in risk and that interventions are targeted towards individuals most likely to benefit.
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